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The  clinical  use  of  exercise  testing  to  evaluate  an 
individual’s  cardiorespiratory  reserve  and  to  enable 
the  appropriate  prescription  of  aerobic  activity  has 
attained  wide  medical  acceptance.  The  physiologic 
stress  from  the  metabolic  intensity  imposed  by  ex¬ 
ercise  however,  is  only  one  consideration  in  testing 
and  prescription.  An  equally  important  stress  is  that 
imposed  by  the  environment  (heat,  cold,  altitude, 
and  air  quality).  Both  exercise  and  environment 
alter  the  physiologic  responses  of  the  cardiorespi¬ 
ratory  system.  These  environmental  factors,  either 
singly  or  in  combination  with  exercise,  can  result  in 
potentially  hazardous  health  conditions. 

Temperature  Regulation  and 
Energy  Balance _ _ 

The  control  mechanisms  of  temperature  regulation 
for  dealing  with  overcooling  (cold  stress)  are  not  as 
effective  as  those  for  regulation  against  overheating 
(heat  stress).  Consequently,  humans  are  thought  of 
as  tropical  animals.  Such  behavioral  modifications 
as  increased  food  intake  and  adequate  clothing  are 
typical  human  reactions  to  overcooling.  In  contrast, 
control  mechanisms  for  thermoregulation  are  pri¬ 
marily  structured  to  protect  the  body  against  over¬ 
heating.  This  fact  becomes  readily  apparent  when 
one  considers  that  greater  variations  in  core  tern- 
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perature  (Tc)  than  ±4cC  are  associated  with  re¬ 
duced  physiologic  and  psychologic  performance, 
whereas  deviations  of  about  +6°C  or  -12°C  from 
37°C  (normal  Tc)  are  usually  lethal.  Combined  ex¬ 
ercise  and  heat  stress  can  result  in  greater  strain 
on  the  thermoregulatory  system  than  either  stress 
alone,  whereas  exercise  stress  may  counteract  cold 
stress  and  result  in  less  overcooling.  Fortunately,  the 
human  thermoregulatory  system  has  a  remarkab  e 
ability  to  maintain  physiologic  control  through  ap¬ 
propriate  adjustments  over  an  extremely  wide  range 
of  different  heat  productions,  heat  losses,  and  envi¬ 
ronmental  temperatures. 

Physical  exercise  dramatically  alters  the  rate  of 
metabolic  energy  (heat)  production  (M),  with  re¬ 
sultant  physiologic  adjustments  for  heat  loss.  Dur 
ing  exercise,  Tc  initially  increases  rapidly  and  then 
increases  at  a  reduced  rate  until  heat  loss  equals  heat 
production  and  essentially  steady-state  values  are 
achieved  (I).  The  Tc  increase  represents  storage  of 
metabolic  heat  produced  as  a  byproduct  of  mus¬ 
cle  contraction.  At  the  onset  of  exercise,  metabolic 
rate  increases  immediately,  while  thermoregulatory 
responses  for  heat  loss  respond  more  slowly.  The 
classic  energy  balance  equation  for  evaluating  heat 
gain  or  heat  loss  from  the  body  is  S  =  M  -  (±W)  + 
Qs±  K  ±  (R  +  C)  -  E,  in  which  S  =  rate  of 
body  heat  storage;  M  =  rate  of  metabolic  energy 
(heat)  production  estimated  from  measured  oxy¬ 
gen  uptake  (V02);  W  =  mechanical  work,  either 
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FIGURE  7-1  Avenues  of  heat  exchange  during  exercise  for  a  wide  range  of  ambient  temperatures. 

(Modified  from  Sawka  MN,  Wenger  CB,  Pandolf  KB.  Thermoregulatory  responses  to  acute  exercise- 
heat  stress  and  heat  acclimation.  In:  Fregly  MJ,  Blatteis  CM,  eds.  Handbook  of  Physiology,  section 
4,  environmental  physiology.  New  York,  Oxford  University  Press,  1996:157-185.) 

concentric  (positive)  or  eccentric  (negative)  exer-  of  the  intersubject  variability  for  the  Tc  elevation 

cise;  Qs  =  rate  of  solar  radiative  energy  absorbed  during  exercise  (6,7).  Therefore,  relative  exercise 

(differentiates  between  heat  loss  in  sunlight  and  intensity  is  an  important  factor  when  prescribing 

that  lost  from  skin  in  an  environment  without  so-  exercise.  Figure  7-1  illustrates  that  the  magnitude 

lar  flux);  K  =  rate  of  conduction  (important  only  of  Tc  increase  during  steady-state  exercise  at  low 

when  in  direct  contact  with  an  object,  c.g.,  cloth-  (200  W)  to  very  high  (1000  W)  metabolic  rates  is 

ing,  or  a  substance,  e.g.,  water);  R  +  C  =  rate  often  independent  of  a  wide  range  of  environments 

of  radiant  and  convective  energy  exchanges;  and  (with  low  humidity)  (1,2).  This  is  true,  however, 

E  =  rate  of  evaporative  loss.  The  three  major  phys-  only  within  a  climatic  “prescriptive  zone”  (2)  that 

ical  avenues  of  heat  loss  are  radiation,  convection,  narrows  as  metabolic  rate  increases, 

and  evaporation.  1  he  thermoregulatory  effector  re-  Ultimately,  the  combination  of  the  level  of  ex- 

sponses  that  enable  dry  (radiative  and  convective)  ercise  and  the  particular  environmental  conditions 

and  evaporative  heat  loss  increase  in  proportion  determines  the  rate  of  sweat  production  and  dic- 

to  the  rate  of  heat  production.  Eventually,  these  tates  the  required  rate  of  evaporative  cooling  (Ercq). 

mechanisms  increase  heat  loss  sufficiently  to  bal-  The  maximal  evaporative  capacity  of  the  environ- 

ance  metabolic  heat  production,  allowing  a  steady-  ment  (Emax),  however,  determines  the  maximal  pos- 

state  Tc  to  be  achieved,  so  long  as  the  environment  sible  evaporative  loss.  Figure  7-2  illustrates  heat  ex- 

allows.  change  data  during  exercise  (~650  W)  in  a  broad 

Steady-state  Ic  increases  in  proportion  to  range  of  climatic  conditions  (5  to  36°C  dry  bulb 

metabolic  rate  during  exercise  (2-5).  Although  this  temperatures  with  low  relative  humidity,  %  rh) 

relationship  between  metabolic  rate  and  Tc  is  adc-  (1,8).  The  difference  between  metabolic  rate  and 

quate  for  a  given  person,  it  does  not  always  hold  tor  total  heat  loss  represents  the  energy  used  for  me- 

comparisons  among  different  people.  The  use  of  chanical  work  and  heat  storage.  The  relative  contri- 

relative  intensity  (%V02max),  rather  than  absolute  butions  of  dry  and  evaporative  heat  exchange  to  to- 

metabolic  rate  (absolute  intensity),  removes  most  tal  heat  loss,  however,  vary  with  climatic  conditions. 


Watts 


FIGURE  7-2  Tc  response  and  required  sweating  rates  for  exer¬ 
cise  in  relation  to  metabolic  rate  and  environment  (Modified 
from  Sawka  MN,  Wenger  CB,  Pandolf  KB.  Thermoregulatory 
responses  to  acute  exercise-heat  stress  and  heat  acclimation. 
In:  Fregly  MJ,  Blatteis  CM,  eds.  Handbook  of  Physiology,  sec¬ 
tion  4,  environmental  physiology.  New  York,  Oxford  Univer¬ 
sity  Press,  1996:157-185.) 

As  ambient  temperature  increases,  the  gradient  for 
dry  heat  exchange  is  less  and  evaporative  heat  ex¬ 
change  is  more  important.  When  ambient  temp¬ 
erature  equals  mean  skin  temperature  (Tsk),  evapo¬ 
rative  heat  exchange  accounts  for  virtually  all  heat 
loss.  For  individuals  exercising  outdoors,  the  solar 
radiant  load  becomes  an  important  consideration. 

It  is  beyond  the  scope  of  this  chapter  to  present 
a  detailed  essay  on  temperature  regulation  and  ex¬ 
ercise.  The  reader  is  directed  to  other  reviews  and 
books  (9-13). 


Exposure  to  High 
Environmental  Temperatures 

HUMAN  PHYSIOLOGIC  RESPONSES 
TO  HEAT 

The  two  physiologic  responses  primarily  concerned 
with  dynamic  regulation  against  overheating  are 
skin  blood  flow  and  sweating.  The  main  function 
of  the  former  is  to  transport  heat  from  the  deep 
body  to  the  surface.  Sweat  glands  produce  and  se¬ 
crete  sweat  required  for  evaporative  cooling  at  the 
skin  surface.  During  exercise,  regulation  by  these 
systems  is  increasingly  challenged  when  air  temper¬ 
ature  (Ta)  rises  from  temperate  (~22°C)  to  hotter 
conditions. 


Metabolic  (exercise-induced)  and  environmen¬ 
tal  heat  stress  can  result  in  normal  or  expected  phys¬ 
iologic  responses  to  the  particular  stress,  but  may 
also  produce  a  variety  of  abnormal  heat  disorders. 
Although  the  primary  purpose  of  this  section  is  not 
to  detail  the  pathologic  manifestations  of  excessive 
heat  exposure,  a  few  comments  on  how  to  pre¬ 
vent  these  heat  disorders  are  warranted.  Exercise - 
induced  heat  exhaustion  can  be  minimized  by 
providing  proper  heat  acclimation,  by  grading  the 
exercise  to  consider  hot  climate  extremes,  and  by 
avoiding  sudden  postural  changes  or  maintenance 
of  upright  static  exercise.  Heat  cramps  and  salt- 
depletion  heat  exhaustion  can  occur  when  fluid  and 
electrolyte  losses  are  profound  .  Ihese  disorders  are 
most  prevalent  in  chronically  hot  climates,  partic¬ 
ularly  when  food  and  water  intakes  are  limited  or 
restricted.  Avoid  drinking  in  excess  of  sweat  losses 
to  avoid  hyponatremia  (14).  Fluid  needs  rarely  ex¬ 
ceed  8  to  12  L-day"1,  even  in  very  hot  climates 
(15,16).  Salt  tablets  should  not  be  used  and,  if  nec¬ 
essary,  supplemental  sodium  can  be  easily  obtained 
by  salting  foods  (16).  Anhidrotic  heat  exhaustion, 
which  is  related  to  reduced  functional  sweating, 
has  been  linked  to  such  skin  disorders  as  heat  rash 
and  sunburn;  both  disorders  have  been  associated 
with  exercise-heat  intolerance,  as  depicted  by  ele¬ 
vations  in  Tc  and  reductions  in  performance  time 
(1,17).  Heat  intolerance  was  seen  with  as  little  as 
20%  of  the  body  surface  involved  and  persisted  up  to 
3  weeks  after  the  clinical  rash  had  resolved.  Pandolf 
et  al.  (18)  also  showed  that  both  sweating  sensitiv¬ 
ity  and  sweating  rate  were  reduced  by  mild  sunburn 
during  exercise  in  a  hot/dry  environment  (49°C, 
20%  rh).  Thus,  both  of  these  common  hot-weather 
ailments  can  significantly  impair  thermoregulation. 
Heat  rash  is  prevented  by  drying  the  skin  when  pos¬ 
sible  and  by  wearing  clean,  dry  clothing  that  al¬ 
lows  unimpeded  evaporation.  Sunburn  is  reduced 
by  wearing  proper  clothing,  by  exercising  during 
hours  of  minimal  solar  load  (before  10  am  or  af¬ 
ter  4  pm),  or  by  using  an  appropriate  sunscreen. 
Heat  hyperpyrexia  and  exertional  heat  injury/heat 
stroke  present  dramatic  elevations  of  Tc,  usually  in 
the  range  of  41  to  42°  C.  The  former  disorder  is 
usually  characterized  by  lower  Tcs  in  this  range, 
with  the  individual  still  capable  of  sweating.  The 
latter  condition  presents  higher  Tcs  and  general¬ 
ized  anhidrosis.  Elevations  in  Tc,  however,  may  not 
be  causally  related  to  these  disorders,  because  both 
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competitive  distance  runners  and  patients  with  pas¬ 
sively  induced  hyperthermia  tolerate  Tcs  of  41  to 
42°C  with  minimal  side  effects  (19,20).  Both  heat 
hyperpyrexia  and  heat  stroke  can  be  prevented  by 
adapting  exercise  to  the  climate,  by  ensuring  proper 
heat  acclimation,  and  most  importantly  by  screen¬ 
ing  for  a  past  history  of  heat  illness. 

THERMOREGULATORY  AND 
CARDIOVASCULAR  ADJUSTMENTS  TO 
EXERCISE  IN  DRY  AND  HUMID  HEAT 

Effects  of  Solar  Heat  Load 

The  importance  of  quantifying  the  physiologic  ef¬ 
fects  of  solar  radiation  becomes  apparent  when  con¬ 
sidering  exercise  prescriptions  for  outdoor  envi¬ 
ronments.  The  effect  of  simulated  solar  heat  load 
in  hot/dry  (40°C,  32%  rh)  and  hot/wet  (35°C, 
75%  rh)  environments  has  been  reported  for  heat- 
acclimated  men  while  walking  at  1.34  m-sec~' 
(0  and  5%  grade)  (21).  Evaluation  of  solar  load  by 
copper  manikin  predicted  the  delivery  of  an  effec¬ 
tive  300  W  (seminude)  and  120  W  (clothed)  of 
radiant  heat  load  to  the  skin.  Individuals  were  eval¬ 
uated  with  or  without  this  solar  load  while  wearing 
shorts,  socks,  and  running  shoes  (seminude)  or  a 
slightly  heavier  clothing  ensemble.  After  100  min 
ol  exercise,  physiologic  responses  were  greater 
while  exercising  with  solar  load  (range  of  mean 
differences;  heart  rate  (HR),  22-H2  beats-min-1; 
rectal  temperature  (ATrc),  0.45-1.48°C;  sweat  rate 
(rnsw),  145-314  g-m~2-h_1 .  Nielsen  et  al.  (22)  mea¬ 
sured  net  solar  heat  gain  (short-  and  long-wave  ra¬ 
diation  gains  -  long  wave  radiation  losses)  during 
2  hours  ol  light  (92  W)  cycle  ergometer  exercise 
performed  outdoors  between  July  and  September 
during  maximal  solar  zenith  angle  hours  (10  am  to 
4  pm).  With  temperate  climates  (21-25°C),  direct 
solar  heat  amounted  to  ~22%  of  the  total  heat  load 
(22).  Taken  together,  these  studies  suggest  the  need 
for  altering  exercise  prescriptions  during  outdoor 
activity,  especially  on  hot,  clear  days. 

Role  of  Cardiorespiratory  Training 
and  Fitness 

The  importance  of  training  and  cardiorespiratory 
fitness  on  physiologic  responses  to  exercise  in  the 
heat  and  on  the  rate  of  heat  acclimation  is  con¬ 
troversial,  but  there  are  several  detailed  reviews 


(23  25).  Although  most  authors  agree  that  train¬ 
ing  in  a  cool  environment  improves  exercise-heat 
tolerance,  the  degree  of  improvement  is  controver¬ 
sial.  Fo  achieve  optimal  gains,  researchers  suggest 
using  intensive  interval  or  continuous  training  at 
an  intensity  >50%  V02max  (26-29).  Improvement 
in  heat  tolerance  produced  by  mild -to -moderate 
training  at  <50%  V02max  is  questionable  (30). 
It  seems  that  training  must  exceed  1  week,  but 
the  best  improvement  reportedly  occurs  after  8  to 
12  weeks  (26,27).  It  seems  that  training  should  in¬ 
crease  V02max  by  15  to  20%  to  improve  tolerance. 
Improvement  in  exercise-heat  tolerance  after  ap¬ 
propriate  training  appears  to  apply  to  both  dry  and 
wet  heat.  Persons  with  high  V02max  values  and  such 
athletes  as  marathoners  (whose  endurance  training 
causes  high  levels  of  body  hyperthermia  and  regu¬ 
latory  sweating)  seem  to  be  at  an  advantage. 

Another  debatable  issue  is  whether  V02max  is  re¬ 
lated  to  improved  exercise-heat  tolerance  or  to  a 
faster  rate  of  heat  acclimation.  Two  authors  using 
different  climates  independently  report  that  an  indi¬ 
vidual’s  V02max  accounts  for  42  to  46%  of  the  vari¬ 
ability  that  determines  Tc  level  during  3  hours  of  ex¬ 
ercise  in  the  heat  of  the  acclimation  day  for  a  plateau 
in  Tc  ( c>  1 , 2 ) .  Other  authors  report  insignificant 
relationships  (33-35).  Most  studies  in  which  a  lack 
of  relationship  was  shown,  however,  evaluated  rela¬ 
tively  few  subjects  or  homogeneously  fit  subjects. 

I  he  V02max,  per  se,  may  not  be  important,  but 
the  physiologic  adaptations  associated  with  vari¬ 
ous  fitness  levels  may  play  a  vital  role  in  determin¬ 
ing  exercise-heat  tolerance.  Therefore,  improved 
aerobic  fitness  by  endurance  training  is  associated 
with  significant  elevations  in  Tc  during  training 
to  improve  exercise-heat  tolerance  (23).  Athletes 
training  in  cold  water  have  lower  heat  tolerance 
than  other  athletes  of  similar  fitness  (27)  or  ex¬ 
perience  no  thermoregulatory  improvement  dur¬ 
ing  exercise-heat  stress  despite  significant  (15%) 
training  improvement  inV02max  (36).  Thus,  train¬ 
ing  that  improves  fitness  without  substantial  ele¬ 
vations  in  Tc  and  sweating  may  not  improve  heat 
tolerance. 

Advantages  of  Heat  Acclimation 

Repeated  exercise-heat  exposure  results  in  a  grad¬ 
ual  acclimation  with  improved  exercise-heat  toler¬ 
ance  (37).  The  physiologic  improvements  seen  dur¬ 
ing  the  first  4  days  are  dramatic,  and  acclimation  is 
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virtually  complete  after  about  10  days.  During  accli¬ 
mation,  the  major  physiologic  changes  arc  an  eat liei 
onset  and  increased  rate  of  sweating,  lowered  HR, 
and  lowered  internal  body  temperature  during  ex¬ 
ercise  in  the  heat  (38).  These  changes  result  from 
many  potential  mechanisms,  including  improved 
sweating,  more  total  body  water  and  plasma  vol¬ 
ume,  higher  venous  tone  from  cutaneous  and  non- 
cutaneous  beds,  increased  activity  of  the  adreno- 
pituitary  system,  and  lowered  metabolic  demands 
from  repeated  exposures  (38).  No  single  cause  ex¬ 
plains  the  adaptive  process,  as  acclimation  probably 
results  from  the  interplay  of  many  mechanisms. 

The  full  development  of  exercise-heat  acclima¬ 
tion  need  not  involve  daily  24-hour  exposure.  A 
continuous,  daily  1 00-min  exposure  can  produce  an 
optimal  response  (1,38).  The  acclimation  response 
is  somewhat  specific  to  the  particular  climatic  con¬ 
dition  and  exercise  intensity.  It  appears  to  be  well 
retained  for  2  weeks  after  the  last  heat  exposure  but 
is  rapidly  lost  during  the  next  2  weeks  (1,38).  Some 
authors  report  greater  retention  of  acclimation  ben¬ 
efits  in  physically  trained  persons  than  in  sedentary 
individuals  (31 ,38). 


Clothing  Interaction 

During  exercise  in  the  heat,  black  clothing  and  pos¬ 
sibly  other  dark  colors  are  usually  associated  with 
a  greater  solar  radiative  absorption  than  white  or 
lighter  colors.  Generally,  clothing  serves  as  a  phys¬ 
ical  barrier  that  reduces  heat  exchange  by  radiation 
and  convection  and  simultaneously  lowers  the  max¬ 
imal  evaporative  exchange  to  the  environment.  The 
more  impermeable  the  clothing  (c.g.,  a  sweat  suit 
or  rubberized  suit),  the  greater  the  reduction  in 
evaporative  heat  loss  and  the  associated  rise  in  car¬ 
diovascular  and  thermoregulatory  strain.  For  com¬ 
fort,  cotton  clothing  is  generally  more  effective  than 
polyester  during  exercise  in  the  heat.  In  hot/wet  en¬ 
vironments,  when  Ta  is  less  than  I  sk->  exercising  in¬ 
dividuals  should  wear  the  least  amount  of  clothing 
possible.  When  Ta  exceeds  Tsk,  additional  clothing 
may  protect  from  the  ambient  heat  load  but  will  in¬ 
terfere  more  with  body  heat  loss.  It  is  advisable  to 
wear  loose-fitting  clothing  that  allows  greater  air¬ 
flow  between  skin  and  the  environment,  with  re¬ 
sultant  greater  evaporative  cooling.  In  hot/wet  or 
hot/dry  environments,  a  thin  layer  of  white  cloth¬ 


ing  markedly  reduces  the  solar  heat  load  and  should 
be  worn  when  exercising  under  the  sun.  Associated 
concepts  have  been  recently  reviewed  in  detail  else¬ 
where  (39). 


IMPACT  OF  HEAT  ON  EXERCISE 
TESTING  AND  EXERCISE 
PRESCRIPTION 

Sports  and  occupational  medicine  communi¬ 
ties  commonly  use  wet  bulb  globe  temperature 
(WBGT)  as  an  empirical  index  to  quantify  climatic 
heat  stress  (40-42).  It  was  originally  developed  for 
light-intensity  exercise  (45).  Outdoor  WBGT  =  0.7 
natural  wet  bulb  +  0.2  black  globe  +  0.1  dry  bulb; 
indoor  WBGT  =  0.7  natural  wet  bulb  +  0.3  black 
globe.  WBGT  is  used  to  decide  the  permitted  phys¬ 
ical  activity  level  and  strategies  to  minimize  risk  of 
heat  injury.  High  WBGT  values  can  be  achieved  by 
high  humidity  (43),  as  reflected  in  high  wet  bulb 
temperature,  or  through  high  air  (dry  bulb)  tem¬ 
perature  and  solar  load  (44),  as  reflected  in  black 

globe  temperature.  . 

The  American  College  of  Sports  Medicine 
(ACSM)  position  stand  on  preventing  thermal  in¬ 
juries  during  distance  running  is  based  in  part  on 
the  WBGT,  which  may  also  be  adaptable  for  exer¬ 
cise  testing  and  prescription  (46).  With  a  WBGT 
>28°C  (82°F),  the  ACSM  suggests  that  prolonged 
exercise  be  curtailed  or  rescheduled  until  a  lower 
WBGT  is  prevalent.  The  ACSM  proposes  posting 
large  signs  to  alert  individuals  of  the  existing  l  isk 
of  thermal  stress  using  four  categories.  Very  high 
risk  is  associated  with  a  WBGT  >28°C  (82‘  F),  high 
risk  is  23  to  28° C  (73  to  82°F),  moderate  risk  is 
18  to  20° C  (65  to  73°F),  and  low  risk  is  <18°C 
(65°F)  (46).  These  WBGT  values  are  representative 
for  persons  in  running  shorts,  shoes,  and  a  T-shiit. 
However,  because  WBGT  does  not  consider  cloth¬ 
ing  or  exercise  intensity  (metabolic  rate),  it  can¬ 
not  predict  heat  exchange  with  the  environment 
(40).  Therefore,  different  clothing  systems  neces¬ 
sitate  further  adjustments  in  the  WBGT  values  as¬ 
sociated  with  each  level  of  risk.  Finally,  the  ACSM 
recommends  that  when  environmental  heat  stress 
is  prevalent,  all  exercise  should  begin  in  the  early 
morning  (before  8  am)  or  in  the  evening  (after  6  pm) 
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to  lessen  the  effects  of  solar  load  and  high  temper¬ 
atures. 

Exercise  Performance 

The  exercise  prescription  often  uses  a  target  HR 
that  is  within  “safe”  limits  to  provide  a  beneficial 
training  stimulus.  Heat  stress  increases  HR  inde¬ 
pendently  as  a  result  of  increased  skin  blood  flow 
and  volume,  reduced  cardiac  filling  (lower  end- 
diastolic  volume),  and  temperature  effects  on  pace¬ 
maker  cells  (38).  During  submaximal  exercise  in 
the  heat,  cardiac  output  (Q)  can  be  higher,  the 
same,  or  lower  than  in  temperate  conditions.  At 
very  low  exercise  intensities  (<20%  aerobic  power), 
Q  is  elevated  to  increase  skin  blood  flow.  With  high- 
intensity  (>70%  aerobic  power)  or  prolonged  exer¬ 
cise,  Q  cannot  typically  be  sustained,  despite  signif¬ 
icant  tachycardia,  because  blood  is  displaced  to  the 
skin,  with  a  resultant  drop  in  venous  return  (12). 
However,  Q  may  increase  under  the  same  circum¬ 
stances  in  highly  fit  athletes  who  can  maintain  stroke 
volume  at  an  increased  HR  (47). 

In  young  male  subjects  after  30  min  of  moderate 
exercise  (40%  V02mx),  HR  increases  predictably 
~1  beat-min-1  for  each  1°C  increase  in  Ta  (dry 
heat)  above  temperate  levels  (24  vs.  44,  55°C)  (48). 
Recently,  more  quantitative  predictions  of  equilib¬ 
rium  exercise  HR  response  were  made  for  typical 
hot/dry  (40°G,  20%  rh)  and  hot/humid  (35°C, 
75%  rh)  environments  in  contrast  to  a  temper¬ 
ate  (21°C,  50%  rh)  environment  (49-51).  It  was 
assumed  that  the  subject  weighed  70  kg,  wore 
shorts  and  a  T-shirt,  exercised  at  a  high  metabolic 
rate  (700  W),  and  was  not  heat  acclimated.  Com¬ 
pared  with  values  in  a  temperate  climate,  HR  was 
30  beats-min"1  higher  (~1. 5  beats-min-1  per  1°C 
rise  in  Ta)  in  the  hot/dry  and  50  beats- min"1 
higher  (~3.5  beats- min-1  per  1°C  rise  in  Ta)  in  the 
hot/wet  climate.  Thus,  whereas  adjustments  are 
needed  in  dry  climates,  particular  concern  should 
be  given  to  the  target  HR  in  humid  climates. 
These  prediction  equations  should  be  used  to  in¬ 
dividually  adjust  the  exercise  prescription  target 
HR  when  considering  the  particular  environmental 
conditions,  exercise  intensity,  and  clothing  inter¬ 
actions  (49,50).  A  mathematical  model  based  on 
the  above  prediction  equations  has  been  developed 
to  prognosticate  human  performance  in  the  heat 
and  may  be  useful  to  establish  exercise  prescrip- 


FiGURE  7-3  Effects  of  air  temperature  and  dehydration  on 
submaximal  work  performance.  (Modified  from  Sawka  MN, 
Young  Aj,  Physical  exercise  in  hot  and  cold  climates.  In: 
Garrett  WE,  Kirkendall  DT,  eds.  Exercise  and  Sport  Science. 
Philadelphia:  Lippincott  Williams  &  Wilkins,  2000:385-400.) 


tions  (52).  This  prediction  model  calculates  sus¬ 
tainable  exercise-rest  cycles,  maximal  single  exercise 
time  (if  appropriate),  and  associated  water  require¬ 
ments.  Target  HR  responses  should  be  adjusted 
and  reevaluated  periodically  to  consider  seasonal 
effects. 

Figure  7-3  provides  a  literature  compilation  re¬ 
garding  the  effects  of  climatic  heat  stress  (moderate  - 
to-high  risk  categories)  and  dehydration  on  aero¬ 
bic  exercise  capabilities  (13).  This  analysis  is  based 
on  highly  motivated  and  heat-acclimated  persons. 
Note  that  heat  stress  reduces  physical  exercise  (sub¬ 
maximal)  capabilities  by  ~20%  of  dtat  under  tem¬ 
perate  environmental  conditions.  The  combination 
of  heat  stress  and  moderate  (4%  body  weight)  de¬ 
hydration  can  reduce  work  capabilities  by  ~50% 
of  what  is  expected  for  fully  hydrated  individu¬ 
als  in  temperate  conditions  (13).  Mechanisms  that 
explain  this  observation  include  increased  cardio¬ 
vascular  strain  and  psychologic  factors  that  inde¬ 
pendently  or  in  combination  diminish  the  will  to 
exercise  (13). When  physical  activity  is  expected  in 
the  heat,  especially  on  a  dear  day  (solar  load)  or 
under  humid  conditions,  reduced  exercise  intensity 
and  target  HR  are  essential.  The  impact  of  dehy¬ 
dration  alone  on  exercise  testing  and  prescription  is 
discussed  below,  along  with  recommendations  for 
fluid  replacement. 
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viduals,  and  cardiovascular  strain  is  greater  because 
of  reduced  fitness  and  the  inability  to  partition  and 
regulate  blood  flow  effectively  (53).  While  hot  envi 
ronments  predictably  increase  cardiovascular  strain 
as  measured  by  changes  in  HR,  these  changes  are 
not  necessarily  associated  with  pathologic  outcome 
in  persons  with  compromised  cardiovascular  he alth. 
Physiologic  responses  to  30  min  ot  static  c  yn antic 
work  (shoveling)  were  compared  in  10  men  wit  r 
stable  ischemic  heart  disease  in  warm  (2)  G),  tem¬ 
perate  (24°C)  and  cold  (-8°C)  environments  (54). 
While  HR  was  higher  during  warm  weather,  no  su 
ject  reported  angina,  and  no  abnormal  ST-segmcnt 
changes  were  observed  during  any  trial.  Similarly 
Sheldahl  et  al.  (55)  reported  higher  HR  without 
myocardial  ischemia  or  reduced  ejection  fraction  in 
coronary  heart  disease  (CHD)  patients  (>6  weeks 
post-cardiac  event)  after  60  min  ot  cycling  cxer 
cise  in  warm  (30°C)  conditions  than  in  temper¬ 
ate  (22°C)  conditions.  While  these  observations 
provide  valuable  insight  for  exercise  prescription, 
when  the  level  of  environmental  stress  necessi¬ 
tates  precaution  during  exercise  tor  healthy  popula¬ 
tions,  exercise  for  special  populations  should  also  b 
curtailed. 

Exposure  to  Low 
Environmental  Temperatures 

HUMAN  PHYSIOLOGIC  RESPONSES 
TO  COLD 


Humans  generally  rely  on  behavioral  strategies 
(e.g.,  clothing,  shelter)  for  protection  from  cold. 
When  behavioral  thermoregulation  provides  mad 
equate  protection,  physiologic  defenses  to  combat 
cold  are  elicited  in  the  form  of  alterations  in  pc 
ripheral  circulation  that  reduce  heat  loss  and 1  in¬ 
crease  heat  production  (56).  The  initial  response  to 
cold  stress  is  peripheral  vasoconstriction  to  reduce 
heat  loss  from  the  deep  body  to  the  periphery.  1  he 
next  major  response  involves  greater  skeletal  mus 
cle  activity,  or  shivering,  which  increases  metabohe 
heat  production  (3-4  times  the  resting  level)  (15  . 
These  physiologic  responses  may  influence  t 
influenced  by  the  physiologic  responses  to  exerus 
(13,57),  which  easily  results  in  a  10-fold  increase 


in  heat  production  and  can  effectively  counteract 
moderate  cold  stress.  ,  ic<\ 

A  variety  of  factors  can  alter  cold  tolei  ancc  (56). 

Body  size  and  shape  alter  heat  loss  to  the  environ¬ 
ment.  For  a  given  cold  stress,  smaller  persons  (chil¬ 
dren  and  women)  need  a  relatively  greater  heat  pro¬ 
duction  to  maintain  thermal  equilibrium  because  o 
their  larger  surface  area-to-mass  ratios  (58). ^Simi 
larly  shorter  persons  who  weigh  the  same  as  ta 
persons  lose  less  heat,  principally  because  they  have 
less  exposed  surface  area  (shorter  arms  legs,  and 
trunk).  Thickness  of  subcutaneous  fat  deposits  is 
also  important.  Generally,  subcutaneous  fat  is  an 
effective  insulator,  with  greater  amounts  being  neg 
atively  related  to  the  tall  in  Tsk  or  R  (56).  I  he  ad¬ 
vantages  of  increased  subcutaneous  fat  are  apparent 
for  all  types  of  cold  exposure,  but  particularly  col 
water  immersion  (58).  Skeletal  muscle  mass  is  an¬ 
other  important  factor  because  it  can  generate  heat 
via  voluntary  (exercise)  or  involuntary  shivering) 
contraction.  Respiratory  heat  and  water  loss  can  be 
substantial  during  exercise  in  the  cold.  Most  of  the 
loss  occurs  as  evaporation  to  humidify  the  very  dry 
cold  air  that  is  inhaled.  Upper-airway  temperatures 
may  fall  substantially  during  exercise  if  extremely 
cold  air  is  breathed,  but  the  lower  respiratory  tract 
and  deep  body  temperatures  are  unaffected  (57). 

Most  body  heat  loss  in  cold  environments  oc¬ 
curs  via  conductive  (K)  and  convective  (G)  mech¬ 
anisms.  When  ambient  temperature  is  colder  than 
body  temperature,  the  resulting  thermal  gradient 
favors  body  heat  loss.  While  the  pathophysiology 
of  cold  injury  is  not  a  major  consideration  of  this 
chapter,  a  few  comments  on  preventing  cold  disor¬ 
ders  during  exercise  are  warranted  Cold  disorders 
can  be  categorized  by  nonfreezing  (muscle  cramps, 
chilblains,  and  immersion/trench  hand  or  foot)  or 
freezing  (frostnip  and  frostbite)  cold  injuries  and 
whole  body  hypothermia.  A  major  consideration 
in  prevention  is  an  adequate  definition  of  the  cold 
stress  (i.e.,  the  particular  ambient  temperature  and 
,  wind  velocity),  as  well  as  the  presence  of  sweat  on 
the  skin  or  in  the  clothing.  For  maximal  protection, 

■  clothing  should  be  layered  and  thick  and  mmtbc 
kept  dry.  To  prevent  cold  injuries,  heat  supply  to  the 
:  periphery  must  be  enhanced.  Auxiliary  heating  of 

the  extremities  through  battery -charged  gloves  am 
e  socks  should  help  maintain  safe  temperatures.  Al- 
e  coholic  drinks  produce  peripheral  vasodilation  ant 
e  therefore  promote  heat  loss,  enhancing  the  risk  ot 
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hypothermia  (60).  Gradual  acclimation  to  cold  over 
2  to  3  weeks  may  induce  peripheral  changes  that 
help  the  individual  to  resist  local  cold  injury  (56). 
Because  exercisers  seldom  spend  much  time  out¬ 
doors  and  because  exercise  increases  heat  produc¬ 
tion,  the  risk  of  whole  body  hypothermia  is  min¬ 
imal,  provided  the  individual  does  not  stay  in  the 
cold  in  a  sweat-soaked  or  rain-soaked  state. 


CARDIOVASCULAR  AND 
THERMOREGULATORY  RESPONSES 
TO  EXERCISE  IN  THE  COLD 

Cooling  the  body  can  result  in  marked  systemic  al¬ 
terations  (56).  The  most  apparent  alteration  is  per¬ 
haps  peripheral  vasoconstriction,  which  leads  to  a 
reduction  in  local  circulation  and  reduced  perfu¬ 
sion  of  various  vascular  beds,  producing  vascular 
stasis  and  local  tissue  anoxia.  There  is  an  initial 
paradoxical  increase  in  HR,  pulmonary  ventila¬ 
tion,  and  mean  arterial  pressure.  As  deep  body 
temperature  drops,  however,  HR,  ventilation,  and 
blood  pressure  (BP)  fall.  Neurohumoral  activa¬ 
tion  leads  to  release  of  the  anterior  pituitary  hor¬ 
mones  and  catecholamines  to  conserve  body  heat. 
Other  than  physical  exercise,  however,  the  major 
reflex  response  for  increased  heat  production  in¬ 
volves  higher  muscle  tone  arid  shivering^  In  cer¬ 
tain  circumstances,  periodic  oscillations  in  Tsk  occur 
reflecting  transient  changes  in  blood  flow  to  super¬ 
ficial  capillaries  of  the  limbs  (cold-induced  vasodi¬ 
lation)  (61).  This  nervous  reflex  appears  to  act  as 
a  primary  mechanism  to  protect  peripheral  tissue 
from  freezing  injury  or  to  maintain  dexterity. 

Mild-to-moderate  cold  stress  of  a  less  prolonged 
nature  (~1  hour)  is  more  likely  to  be  encoun¬ 
tered  by  the  exerciser  than  is  prolonged  severe 
cold  stress.  Even  less  severe  cold  stress  alters  car¬ 
diovascular  performance  and  produces  circulatory 
changes  that  augment  myocardial  oxygen  require¬ 
ments,  thus  placing  some  individuals  at  added  risk. 
For  instance,  mild  cold  stress  (15°G)  during  rest 
and  light  exercise  causes  a  consistently  higher  total 
peripheral  resistance  (TPR),  higher  systemic  arte¬ 
rial  pressure,  and  greater  left  ventricular  work  in  in¬ 
dividuals  with  and  without  CHD  (62).  This  higher 
TPR  occurs  in  the  absence  of  reflex  bradycardia  and 
Q  is  not  altered  by  the  cold.  Exposure  of  the  face 
to  a  moderate  cold  stress  (4°C)  has  been  associ¬ 


ated  with  bradycardia,  resulting  from  a  vagal  reflex 
through  trigeminal  nerve  stimulation  (63).  Sympa¬ 
thetic  nervous  system  stimulation  produces  a  rise 
in  systolic  (SBP)  and  diastolic  BP  (DBP).  Thus,  fa¬ 
cial  exposure  to  cold  winds  and  whole  body  expo¬ 
sure  might  precipitate  angina  in  an  individual  with 
CHD.  Exercise  would  only  accentuate  this  risk  by 
demanding  further  increases  in  left  ventricular  work 
and  myocardial  oxygen  demand. 

COLD  ACCLIMATION  AND  ADAPTIVE 
HABITUATION 

Compared  with  chronic  heat  stress,  physiologic  ad¬ 
justments  to  chronic  cold  exposure  are  less  pro¬ 
nounced,  slower  to  develop,  and  less  practical  in 
terms  of  relieving  thermal  strain  and  preventing 
cold  injury.  Cold  acclimatization  or  acclimation 
must  be  differentiated  from  adaptation  or  habit¬ 
uation.  Acclimatization  and  acclimation  are  func¬ 
tional  alterations  established  over  days  or  weeks 
in  response,  respectively,  to  either  complex,  natu¬ 
ral  environmental  factors  or  artificially  controlled, 
usually  simple  environmental  factors  (64).  In  con¬ 
trast,  adaptation  suggests  physiologic  changes  that 
develop  over  generations  and  are  genetically  trans¬ 
mitted  to  help  promote  survival  in  hostile  envi¬ 
ronments  (64).  Habituation  to  cold  stress  seems 
to  be  associated  more  with  nervous  system  regula¬ 
tion.  Physiologic  adjustments  during  human  adap¬ 
tation  or  acclimation  to  cold  have  been  reviewed 
elsewhere  (56). 

Human  Acclimation  and  Adaptive 
Habituation  to  Cold 

Human  thermoregulatory  adaptations  to  chronic 
cold  exposure  are  more  modest  and  less  under¬ 
stood  than  adaptations  to  chronic  heat  (56).  Where 
chronic  heat  exposure  induces  a  fairly  uniform  pat¬ 
tern  of  adjustments,  chronic  cold  exposure  induces 
three  different  patterns  of  adaptation.  Habituation 
is  characterized  by  blunted  physiologic  responses 
during  cold  exposure.  Metabolic  adaptations  are 
characterized  by  enhanced  thermogenic  responses, 
and  insulative  adaptations  are  characterized  by  en¬ 
hanced  body  heat  conservation  (56). 

Brief,  intermittent  cold  exposures  can  induce  ha¬ 
bituation  of  shivering  and  vasoconstrictor  responses 
to  cold,  even  when  very  limited  body  surface  areas 
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CLOTHING  figure  7-4  Total  clothing  insulation  (clo) 
necessary  for  thermal  comfort  at  various 
air  temperatures  and  metabolic  rates  (M, 
METS).  (Modified  from  Sawka  MN,  Young 
AJ  Physical  exercise  in  hot  and  cold  climates, 
g  In:  Garrett  WE,  Kirkendall  DT,  eds.  Exercise 

and  Sport  Science.  Philadelphia:  Lippincott 
Williams  &  Wilkins,  2000:385-400.) 


HEAVY  WORK  M  =  6.0 


Ambient  Temperature 


sses  are  proba-  ities  require  participants  to  disregard  neavy  insur¬ 
ed  physiologic  tive  garments  in  favor  of  less  restrictive  clothing  or 

1  repeated  cold  freedom  of  motion.  Clothing  insulation  needed  for 

at  loss  such  as  warmth  and  comfort  in  cold  environments  is  much 

"  repeated  cold  higher  during  rest  and  light  activity  than  during 

e  offset  by  in-  strenuous  activity  (Fig.  7-4)  (13).  The  solution  is 

'i  e  when  cold  to  dress  in  multiple  clothing  layers  that  allow  in- 

16)  ’The  possi-  sulation  to  be  adjusted  according  to  activity  level, 

c  capability  can  such  that  heat  storage  and  sweating  can  be  mini- 

immc  cold  can-  mized.  When  exercise  is  stopped,  any  accumulation 

leculate  that  the  of  sweat  in  clothing  will  compromise  its  insulative 
of  Cold  adapta-  value  and  facilitate  heat  loss  by  conduction,  convec- 
significant  body  tion,  and  evaporation.  By  the  same  token  rain  or 

■r  conditions  in  accidental  immersion  will  drastically  magnify  these 

ased  sufficiently  effects  via  disproportional  moisture  absorption  and 

deep  body  tern"  greater  body  surface  area  contact  with  wet  doth- 

miustified  since  ing.  Proper  cold  weather  clothing  should  be  wind 

aments  has  only  resistant,  but  must  provide  adequate  ventilation  to 

tclimatization  or  reduce  sweat  accumulation.  Proper  protection  of 

re  to  such  condi-  the  face  and  extremities  may  be  of  greater  concern . 

moderately  cold 

IMPACT  OF  COLD  ON  EXERCISE 
TESTING  AND  EXERCISE 
PRESCRIPTION 

Although  exercise  increases  metabolic  heat  produc¬ 
tion,  it  also  facilitates  heat  loss  by  convective  heat 
transfer  from  the  body  core  to  the  skin.  When  low 
ambient  temperatures  are  combined  with  consid¬ 
erable  wind  speeds,  convective  heat  losses  become 
magnified,  especially  when  exercise  intensity  is 


Clothing  Interaction 

Using  proper  clothing  should  be  stressed  when  pre¬ 
scribing  exercise  in  cold  air.  Clothing  should  be 
thick  and  multilayered,  while  providing  adequate 
ventilation  to  keep  it  dry.  All  areas  of  the  body  (par¬ 
ticularly  face,  ears,  neck,  hands,  and  feet)  should 
be  covered  adequately  and  kept  warm.  However, 
many  outdoor  winter  sports  and  recreational  activ- 
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reduced  because  of  fatigue,  and  the  risk  of  hy¬ 
pothermia  can  occur  in  environmental  tempera¬ 
tures  of  10  to  12°C  WBGT  (50-54°F)  (9,46).  In 
fact,  it  is  more  common  to  see  exhaustive  collapse  in 
distance  runners  suffering  from  hypothermia  than 
from  hyperthermia  (65).  The  ACSM  recommends 
canceling  outdoor  distance  running  events  when  air 
temperature  is  below  — 20°C  (— 4°F)  (46). 

While  no  single  cold  stress  index  integrates  all 
the  effects  of  environment  on  heat  loss,  the  wind 
chill  index  (WCI)  is  widely  accepted  and  used  (66). 
The  WCI  estimates  the  environmental  cooling  rate 
from  the  combined  effects  of  the  wind  and  air 
temperature  and  is  useful  lor  guiding  decisions 
about  conducting  or  canceling  outdoor  activities, 
although  some  limitations  exist  (see  ref.  67  for  re¬ 
view).  Water  has  a  much  higher  thermal  capacity 
than  air,  and  the  cooling  power  of  the  ambient 
environment  is  greatly  enhanced  under  cold/wet 
conditions.  Thus,  even  with  relatively  mild  wa¬ 
ter  temperatures,  swimmers  and  outdoorsmen  who 
wade  streams  can  lose  considerable  body  heat.  Spe¬ 
cial  precautions  should  therefore  be  used  for  those 
at  risk,  especially  those  who  use  swimming  as  a 
form  of  exercise.  Swimming  in  unheated  or  improp¬ 
erly  heated  pools  and  in  the  ocean  (50%  of  which 
is  <20°C)  should  be  approached  with  extreme 
caution. 

Exercise  Performance  and  Special 
Populations 

Although  extremely  cold  temperatures  can  affect 
muscle  function  and  reduce  work  performance 
(57),  sustained  exercise  generally  results  in  ade¬ 
quate  heat  production  and  maintenance  of  mus¬ 
cle  temperature.  Cutaneous  cold  receptor  stimula¬ 
tion  can,  however,  lead  to  increased  TPR,  arterial 
pressure,  myocardial  contractility,  and  cardiac  work 
during  rest  or  exercise  (62,68,69).  These  altered  re¬ 
sponses  were  observed  even  during  very  mild  cold 
stress  (~15°C)  (62).  Even  localized  facial  exposure 
to  moderate  cold  (4°C)  has  been  associated  with 
vagally  mediated  reflex  bradycardia  and  sympathet¬ 
ically  increased  SBP  and  DBP  (63).  Thus,  localized 
and  more  total  body  cold  strain  could  lower  the 
threshold  and  provoke  an  attack  of  angina  pectoris 
in  individuals  with  CHD  because  of  an  increase  in 
TPR  and  arterial  pressure  and  the  consequent  aug¬ 
mentation  of  myocardial  oxygen  demands.  There 
is  no  evidence  that  coronary  vasoconstriction  per 
se  contributes  to  developing  myocardial  hypoxia 


during  cold  stress.  During  cold  exposure,  exercise 
could  further  increase  the  work  of  the  heart  through 
added  myocardial  oxygen  requirements.  Thus,  an 
individual  with  GHD  is  at  even  greater  risk  be¬ 
cause  of  far  less  functional  myocardial  reserve  ca¬ 
pacity.  The  importance  of  these  observations  for 
cold  weather  exercise  prescription  is  only  precau¬ 
tionary  for  compromised,  but  low-risk  populations. 
While  information  is  limited,  one  study  of  low-risk 
patients  with  stable  ischemic  heart  disease  reported 
higher  SBP  and  DB  P  responses  to  30  min  of  static- 
dynamic  exercise  in  a  cold  environment  (-8°C)  than 
to  the  same  activity  in  warmer  (24-29°C)  environ¬ 
ments  (54).  This  finding  is  consistent  with  greater 
TPR  and  potentially  greater  left  ventricular  work, 
but  no  adverse  ST-  segment  changes  (or  any  other 
EGG  symptomatology)  were  observed. 

A  screening  test  for  individual  cold  sensitivity 
may  become  necessary  if  it  is  suspected  that  a  high- 
risk  individual  will  be  exposed  to  even  mild  cold 
stress  (~15°C  or  less).  The  cold  pressor  test,  which 
was  designed  to  detect  persons  who  were  poten¬ 
tially  hypertensive,  might  be  used  effectively  to  clas¬ 
sify  individuals  in  terms  of  reactivity  to  a  cold  stim¬ 
ulus  (70,71).  During  immersion  of  the  hand  in  cold 
water,  sympathetic  activity  can  be  graded  by  the  rise 
in  SBP  and  DBP,  elevation  of  HR,  and  degree  of 
systemic  vasoconstriction,  as  implied  by  the  reduc¬ 
tion  in  Tsk  of  the  immersed  hand.  Extreme  reactiv¬ 
ity  would  contraindicate  exercising  in  the  cold  for 
those  with  signs  of  CHD.  As  an  additional  caveat, 
long-term  breathing  of  cold  air  can  also  increase 
respiratory  passage  secretions  and  decrease  mu¬ 
cociliary  clearance  (72),  potentially  producing  air¬ 
way  congestion,  impairing  pulmonary  mechanics, 
and  increasing  the  difficulty  of  any  given  exercise 
bout. 


Exposure  to  Terrestrial 
Altitude 


SHORT-  AND  LONG-TERM 
PHYSIOLOGIC  ADAPTATIONS  TO 
ALTITUDE  EXPOSURE 

Acute  and  Subacute  Exposure  to 
High  Altitude 

The  most  prominent  adaptation  to  acute  altitude 
exposure  is  an  increased  pulmonary  ventilation  (Ve) 
at  any  given  exercise  VO2  (73,74).  Hyperpnea 


results  in  an  elevated  respiratory  exchange  ratio 
(R),  reflecting  increased  CO2  elimination  from  the 
lungs,  and  an  associated  rise  in  blood  pH  (73).  In 
contrast  to  long-term  altitude  exposure,  increased 
Q  is  noted  during  the  first  few  days  at  altitude 
and  is  attributed  mainly  to  a  higher  HR  (74-76). 
These  cardiopulmonary  alterations  are,  in  part,  an 
attempt  to  enhance  oxygen  transport  and  deliv¬ 
ery  and  thus  help  compensate  for  the  lower  oxy¬ 
gen  pressure.  These  compensatory  mechanisms  are 
not  adequate,  however,  and  exercise  performance 
is  usually  severely  limited  relative  to  the  other  two 
adaptive  stages.  Other  factors  related  to  perfor¬ 
mance  alterations  are  uncompensated  alkalosis,  al¬ 
tered  endocrine  function,  body  fluid  changes,  and 
disturbed  metabolic  function  (73).  During  short¬ 
term  exposure,  mountain  sickness  can  develop  with 
such  symptoms  as  headache,  lethargy,  drowsiness, 
fatigue,  sleep  disturbances,  loss  of  appetite,  diges 
tive  disorders,  and,  less  frequently,  nausea  and  vom¬ 
iting  (75,77).  A  more  serious  but  rare  disorder 
is  high  altitude  pulmonary  edema,  associated  with 
fluid  accumulation  in  the  lungs  (75,77). 

The  functional  changes  observed  during  sub¬ 
acute  altitude  exposure  are  also  transient  (74).  The 
subacute  stage  is  associated  with  adaptations  that 
increase  the  oxygen-carrying  capacity  of  the  blood. 
Arterial  oxygen  content  is  restored  (increased 
hematocrit)  to  near  sea  level  values  secondary  to  a 
decreased  plasma  volume  (73-76,78,79).  Although 
this  hemoconcentration  may  increase  blood  oxygen 
content,  these  alterations  are  also  associated  with 
small  decreases  in  convective  blood  flow  secondary 
to  increased  blood  viscosity  (73,75,76).  I  he  sec¬ 
ond  major  change  seen  involves  decreased  submax- 
imal  and  maximal  Q,  attributable  to  a  reduction  in 
SV  (74),  probably  as  a  result  of  decreased  plasma 
volume  and  compromised  ventricular  filling  (80).  A 
further  transient  increase  in  VE  (particularly  at  heav¬ 
ier  exercise  intensities)  is  seen  during  this  adaptive 
stage  and  is  referred  to  as  ventilatory  acclimatiza¬ 
tion  (73,76,79).  At  a  constant  VC)2,  VE  at  altitude 
may  increase  by  nearly  100%. 

Long-Term  Exposure  to  High  Altitude 

Although  the  functional  alterations  seen  during 
long-term  exposure  (2-3  weeks)  are  similar  to  those 
seen  during  subacute  adaptation,  Hannon  and  Vo¬ 
gel  state  that  these  functional  alterations  differ  in 
four  major  respects  (74).  Long-term  adaptations 


to  altitude  develop  more  slowly,  are  not  transient, 
are  probably  associated  with  all  system  components, 
and  produce  functional  system  capabilities  that  ex¬ 
ceed  those  seen  with  subacute  adaptation  (74). 

Although  initiated  during  the  acute  adaptive 
stage,  the  effects  of  increased  erythropoiesis  be¬ 
come  most  pronounced  during  the  chronic  stage 
(78).  While  increasing  hemoglobin  content,  the 
greater  number  of  circulating  red  blood  cells  fur¬ 
ther  decreases  blood  flow  and  increases  blood  vis¬ 
cosity.  Thus,  cardiac  work  may  be  increased  at  any 
given  Q  (73).  Biochemical  and  histologic  changes 
become  more  apparent  after  long-term  exposure, 
which  may  facilitate  the  increase  of  either  oxy¬ 
gen  conductance  or  transport  or  both.  For  exam¬ 
ple,  compared  with  the  other  two  adaptive  stages, 
there  is  a  more  pronounced  capillary  density,  an 
increased  myoglobin  content  in  the  skeletal  mus 
cles,  and  other  modifications  of  enzymatic  activity 
that  may  facilitate  oxygen  transport  after  long-teim 
exposure  to  hypoxia  (81).  These  functional  alter¬ 
ations  require  different  time  periods  for  complete 
long-term  adaptation  and  may  necessitate  signifi¬ 
cantly  longer  time  periods  when  exercise  responses 
are  considered  (74). 


IMPACT  OF  ALTITUDE  ON  EXERCISE 
TESTING  AND  EXERCISE 
PRESCRIPTION 

Maximal  Exercise  Performance 

Many  studies  show  a  progressive  reduction  in 
V02max  with  increasing  altitude.  Fulco  et  al.  (82) 
reported  this  relationship  for  altitudes  from  580  to 
8848  m;  a  slightly  modified  version  is  illustrated  in 
Figure  7-5.  The  regression  line  in  Figure  7-5  pre¬ 
dicts  a  5  to  10%  decline  in  V02ralI  for  every  1000  m 
of  ascent  (76),  although  wide  variability  exists  due 
to  multiple  factors,  and  disproportionately  larger 
decrements  may  be  observed  above  6300  m  (82). 
Smaller  (1-7%)  reductions  in  V02ra„  are  reported 
for  well-conditioned  athletes  beginning  at  350  to 
580  m  (82,83).  The  decrement  in  V02mi«  is  larger 
for  highly  fit  men  than  for  less  fit  men,  presumably 
due  to  inherent  pulmonary  gas  exchange  limitations 
(Va/Q  mismatch;  VA-alveolar  ventilation)  exacer¬ 
bated  by  hypoxia  (82).  This  hypothesis  is  consistent 
with  the  Va/Q  mismatch  and  reduced  arterial  oxy¬ 
gen  saturation  (%Sa02 )  observed  for  athletes  with 
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FIGURE  7-5  Effects  of  reduced  partial  pressure  of  oxygen  at  altitude  on  maximal  oxygen  uptake  (V02max) 
wien  expressed  as  a  percentage  of  V02max  at  sea  level.  (Modified  from  Fulco  CS,  Rock  PB,  Cymerman  A. 

Maximal  and  submaximal  exercise  performance  at  altitude.  Aviat  Space  Environ  Med  1998-69793-801  ) 

Inset  Distribution  of  decrement  in  percentage  V02max  at  4300  m  (Modified  from  Young  AJ,  Cymerman 
' .  u^se  1 1 be  influence  of  cardiorespiratory  fitness  on  the  decrement  in  maximal  aerobic  power  at  hiqh 

altitude.  Eur  J  Appl  Physiol  1 985;54: 1 2-1 5.) 


elite  V02max  values  (84,85).  Although  reportedly 
(86)  sea  level  V02max  is  a  poor  predictor  ofV02m„ 
decline  at  altitude  (4300  m),  this  is  probably  ex¬ 
plained  by  the  fact  that  only  subjects  with  subelite 
V02max  values  were  studied.  These  data  illustrate 
that  the  decline  in  V02max  at  4300  m  is  nor¬ 
mally  distributed  for  a  range  of  fitness  abilities  usu¬ 
ally  encountered  in  an  exercise  testing  arena  (36— 
60  mL-kg-^min-1)  (86).  Any  decrease  in  V02max 


will  persist  at  a  given  altitude,  provided  the  level 
of  cardiorespiratory  physical  fitness  is  not  altered. 
Upon  return  from  higher  altitude,  V02nux  returns 
to  the  sea  level  value  so  long  as  muscle  mass  is  main¬ 
tained  (87). 

The  greatest  reduction  in  V02max  usually  occurs 
during  the  first  few  days  of  altitude  exposure,  with 
a  small  but  significant  increase  seen  with  persistent 
residence  (76,81).  The  early  reduction  is  generally 


attributed  to  the  lowered  arterial  oxygen  content  Absolute  exercise  levels  should  be  reduced  5  to  <> 

and  the  persistent  decrease  to  a  reduction  in  Qm3X  for  each  1000  m  ascent  above  sea  level  it  exercise  is 

(81  88)  Reduced  Qmls  results  from  a  decrease  in  to  be  performed  at  the  same  relative  intensity  (<  ). 

SV  combined  with  a  lower  maximal  HR  (89).  Main-  Using  the  information  m  Figure  7-5  many  indi- 

tenance  of  plasma  volume  at  altitude  may  maintain  victuals  can  adjust  exercise  appropriately  when  tie 

ventricular  filling  pressure  and  prevent  a  decrease  prescription  is  based  on  relative  exercise  intensity, 

in  SV  (90,91).  Increased  vagal  tone  (90,92)  and 

reduced  cardiac  0 -receptor  responsiveness  (81,93)  Special  Populations 

have  been  implicated  in  the  lower  maximal  HR.  Grover  implies  that  as  long  as  persons  win  car- 

The  reductions  in  V02max  and  Qm»  at  4300  m  are  diovascular  disease  recognize  their  limitations  and 

not  equal  (94),  suggesting  the  involvement  of  such  maintain  exercise  intensity  within  these  limits  car- 

factors  as  ventilatory,  hemodynamic,  and  metabolic  diac  performance  will  not  be  compromised  (75). 

changes  that  together  decrease  V02imx.  Reviews  ot  According  to  Levine  et  al.  (97),  >  mi  ion  peo 

the  cardiovascular  and  peripheral  adaptations  to  ex-  pic  over  the  age  of  60  visit  high  altitudes  annual  y. 

ercise  at  high  altitude  are  found  elsewhere  (76,  81).  Because  an  aged  population  is  at  increased  risk  tor 

cardiovascular  disease,  interest  in  the  response  or 

Submaximal  Exercise  Performance  the  elderly  to  hypobaric  hypoxia  has  grown.  The 

For  any  given  power  output  (PO)  at  sea  level,  V02  clinical  responses  of  97  older  men  and  women 

is  similar  at  altitude  (95).  But  because  submaxi-  (59-83  years)  were  studied  over  5  days  at  moder- 

mal  exercise  performance  is  closely  tied  to  V02max,  ate  altitude  (2500  m).  Although  CHD  was  present 

any  PO  corresponds  to  a  greater  relative  exercise  in  20%  of  subjects,  no  adverse  signs  or  symptoms 

intensity  at  altitude.  Therefore,  at  the  same  ab-  were  observed  during  casual  activity  (AS).  Ihere- 

solute  sea  level  PO,  submaximal  exercise  perfor-  fore,  persons  with  asymptomatic  cardiovascular  dis- 

mance  is  reduced  at  high  altitude.  For  events  lasting  ease  can  safely  visit  moderate  altitudes.  Levine  et  al. 

20  to  30  min  and  2  to  3  hours  at  sea  level,  Fulco  (97)  studied  the  response  to  exercise  m  20  veteians 

et  al  (82)  report  that  absolute  performances  at  (mean  age,  68  years)  at  sea  level,  2500  m  (acute), 

2000  m  altitude  would  be  impaired  by  5%  and  and  2500  m  (chronic,  5  days).  The  double  product 

10  to  15%,  respectively,  i.e.,  performance  decre-  (HR  x  SBP)  that  produced  I  mm  of  ST-segment 

ments  are  proportional  to  altitude  and  exercise  depression  was  5%  lower  at  2500  m  (vs.  sea  eve  ), 

duration  (82). Limitations  are  more  profound  for  but  stabilized  after  5  days  at  altitude  (97).  I  hey 

short-  than  long-term  altitude  exposure  (96).  concluded  that  (a)  performance  at  altitude  was  pi e- 

Whereas  the  limitations  imposed  by  the  cardiovas-  dictable  on  the  basis  of  sea  level  performance  anc 

cular  system  primarily  alter  maximal  exercise  re-  (b)  those  with  CHD  should  initially  limit  activity 

sponses  at  altitude,  differences  in  the  use  rate  of  and  allow  several  days  to  acclimatize  to  a  titude 

glycogen  stores  and  anaerobic  metabolism  influ-  (97).  A  study  of  the  effects  of  moderate  altitude 

ence  submaximal  exercise  responses  during  short-  on  patients  with  CHD  and  impaired  left  ventricular 

and  long-term  altitude  exposure  (81 ).  The  physi-  function  found  that  exercise  at  2500  m  was  terrra- 

ologic  alterations  at  altitude  that  help  to  improve  nated  more  often  because  of  dyspnea  than  at  sea 

tissue  oxygen  delivery  when  oxygen  availability  is  level  but  was  otherwise  tolerated  well  and  wit  tout 

reduced  may  be  classified  into  three  separate  stages:  any  adverse  events  (99). 

acute,  subacute,  and  chronic  adaptation.  Acute  In  contrast,  exposure  to  high  altitude  places 

adaptation  occurs  during  the  first  72  hours  of  ex-  greater  demands  on  the  right  ventricle  of  the 

posure;  subacute  adaptations  are  seen  over  the  next  heart,  resulting  in  increased  total  cardiac  work  (i.e . , 

10  to  11  days;  and  chronic  adaptations  are  observed  greater  coronary  blood  flow),  particularly  dining 

after  2  weeks  of  exposure.  Although  the  adaptations  exercise  (100).  Some  authors  report  such  BCG  dis- 

are  presented  as  three  distinct  stages,  they  really  rep-  turbances  during  exercise  as  atrial  and  ventricu  at 

resent  a  continuum  of  change  with  considerable  in-  ectopic  beats  and  prolonged  Q  L  interval  as  well 
dividual  overlap  and  variability.  as  diphasic,  inverted,  or  flat  I  wave  and  lowered 

Submaximal  and  maximal  exercise  performance  ST  segment  m  nonadapted  individuals  at  altitudes 

is  reduced  at  altitude  (2000-5000  m)  and  an  ex-  of  3000  to  5000  m  (101).  These  results  may  have 

ercise  prescription  should  be  adjusted  accordingly.  been  confounded  by  the  addition  of  cold  stress. 
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rher  submaximal  or  maximal  exercise  performance. 
Even  less  is  known  about  the  particular  concentra¬ 
tion  levels  and  critical  exposure  durations  of  air  pol¬ 
lutants  necessary  for  decrements  in  exercise  perfor¬ 
mance.  Ol  the  air  pollutants,  only  carbon  monoxide 
(CO)  has  been  evaluated  with  any  thoroughness 
regarding  cardiovascular  responses  to  exercise.  In 
healthy  individuals,  CO  does  not  alter  submaximal 
exercise  responses,  but  slightly  reduces  maximal  ex¬ 
ercise  performance.  Individuals  with  cardiovascular 
impairments  show  marked  decreases  in  submaximal 
exercise  time  to  angina  onset  while  breathing  CO 
(Table  7-1). 

Among  the  remaining  air  pollutants  evaluated, 
the  photochemical  oxidants  ozone  (O3),  nitrogen 
dioxide  (N02),  and  peroxyacetylnitrate  (PAN)  and 
the  sulfur  oxides,  represented  by  sulfur  dioxide 


Exposure  to  Atmospheric 
Pollutants 


Little  is  known  about  the  effects  of  single 
combinations  of  atmospheric  air  pollutai 


Subject  Group 


Air  Pollutant 
•Exercise  Intensity 


Performance 

Decrement 


No  Effect 


Selected  References 


Normal  population 


Submaximal 

Maximal 


•  Submaximal 

•  Maximal 
N02 

•  Submaximal 

•  Maximal 
PAN 

•  Submaximal 

•  Maximal 
PANCO 

•  Submaximal 

•  Maximal 
S02 

•  Submaximal 

•  Maximal 

Cardiovascular/pulmonary-impaired  population3 

CO 

03 

N02 

PAN 

PANCO 

S02 


'Denotes  submaximal  exercise  effects  only. 

’Applies  to  pulmonary-impaired  (CORD  and  asthma)  populations  only 


(SO2)  and  PANCO,  have  no  demonstrable  car¬ 
diovascular  effects  during  submaximal  exercise  in 
healthy  individuals.  There  are  questionable  effects, 
however,  in  healthy  individuals  during  maximal  ex¬ 
ercise  and  in  CHD  patients  during  submaximal 
exercise.  Table  7- 1  summarizes  the  effects  of  air  pol¬ 
lutants  on  exercise  performance  for  healthy  and  car- 
diovascularly  impaired  individuals.  1  he  reader  is  di¬ 
rected  for  further  information  to  reviews  by  Raven 
(103),  Gong  and  Krishnareddy  (104),  and  Carlisle 
and  Sharp  (105). 


IMPACT  OF  ADVERSE  AIR  QUALITY 
ON  EXERCISE  TESTING  AND  EXERCISE 
PRESCRIPTION 

Healthy  Individuals 

CO  impairs  cardiovascular  function  during  exer¬ 
cise  by  binding  with  hemoglobin  (COHb)  to  im¬ 
pede  oxygen  transport.  Minimal  impairment  of  car¬ 
diorespiratory  function  and  no  major  performance 
decrements  were  observed  in  healthy  individuals  at 
COHb  levels  below  15%  at  submaximal  exercise 
intensities  of  35  to  60%  V02max  of  short  or  pro¬ 
longed  duration.  HR,  however,  increased  signifi¬ 
cantly,  and  added  respiratory  distress  was  noted  at 
~70%  V 02max  (106,107).  In  contrast,  V02max  was 
inversely  related  to  CO  concentration  (107-110). 
The  critical  level  at  which  COHb  significantly  in¬ 
fluences  V02max  is  reportedly  4.3%,  but  even  lower 
levels  (2.7%)  have  been  associated  with  significant 
decrements  in  maximal  exercise  time  (108-1 10). 

The  photochemical  oxidants  seem  to  cause  lung 
and  respiratory  tract  dysfunction,  with  question¬ 
able  effects  on  the  cardiovascular  system  during  ex¬ 
ercise  (103).  Of  these,  03  has  been  studied  most 
thoroughly.  During  submaximal  exercise  (40-70% 
V02nm)  after  or  during  exposure  to  0.37,  0.50,  or 
0.75  ppm  03,  no  significant  alterations  in  submax¬ 
imal  V02,  HR,  or  VK  were  reported  (111,112). 
Other  measurements  of  pulmonary  function,  how¬ 
ever,  were  somewhat  disturbed  (112).  No  sig¬ 
nificant  differences  in  pulmonary  function  were 
reported  between  continuous  and  intermittent 
submaximal  exercise  (0.30  ppm  03)when  the  to¬ 
tal  effective  dose  was  the  same  (113).  The  lim¬ 
ited  observations  concerning  a  true  decrement  in 
V02mas  with  03  exposure  are  debatable.  Some 
authors  report  no  change  in  exercise  capacity  or 


V02mM  while  breathing  filtered  air  (FA)  or  0.15 
or  0.30  ppm  03  and  others  show  an  1 1%  lower 
V02max  while  exposed  to  0.75  ppm  03  than  while 
exposed  to  FA  (1 14,1 15).  Thus,  the  critical  concen¬ 
tration  level  for  reduced  performance  is  question¬ 
able,  particularly  during  maximal  exercise.  Raven 
suggests  that  exercise  performance  decrements  can 
be  predicted  as  a  function  of  Ve  and  exposure  time 
(103). 

Of  the  other  oxidants,  PAN  and  PANCO  have 
been  evaluated  during  exercise  stress  (106,108, 
116).  During  submaximal  exercise  (35%  V02nm) 
lasting  3  hours  while  breathing  0.24  ppm  PAN 
or  PANCO  (50  ppm;  COHb,  4-6%),  no  remark¬ 
able  changes  in  cardiorespiratory  function  were  ob¬ 
served  in  younger  (18-30  years)  or  older  (40-55 
years)  subjects  (106,1 16).  Forced  vital  capacity  was 
reduced  4  to  7%  in  the  younger  subjects  with  PAN, 
but  the  significance  is  questionable.  No  significant 
reductions  in  V02m.,x  were  reported  while  breath¬ 
ing  these  same  concentrations  of  PAN  or  PANCO 
(108,110).  It  seems  premature  to  conclude  that 
PAN  or  PANCO  have  no  adverse  effects  on  ex¬ 
ercise  performance,  particularly  at  maximal  levels. 
The  concentration  of  PAN  (0.24  ppm)  in  these  few 
experiments  may  be  at  or  slightly  below  the  thresh¬ 
old  level  needed  for  demonstrable  physiologic 
effects. 

Even  less  is  known  about  exercise-related  ef¬ 
fects  of  another  oxidant  (N02)  and  the  sulfur  ox-^ 
ides  as  represented  by  S02.  Concentration  levels  of 
0.62  ppm  of  N02  were  evaluated  after  2  hours  of 
exposure  at  40%  V02max  with  no  significant  alter¬ 
ations  in  cardiorespiratory  function  (117).  No  sig¬ 
nificant  changes  were  found  in  pulmonary  function 
of  male  athletes  at  50%  V02max  during  30  min  of 
exercise  (0.18  and  0.30  ppm  ofN02)  ( 1 18).  At  low 
submaximal  exercise  intensity  (only  double  the  rest¬ 
ing  Ve),  exposure  to  0.37  ppm  of  pure  S02  did  not 
change  ventilatory  function  after  2  hours  of  inter¬ 
mittent  exercise  exposure  (119).  Maximal  exercise 
responses  to  these  two  pollutants  have  not  been  re¬ 
ported.  A  synergistic  effect  between  S02  and  03 
has  been  described  in  terms  of  a  greater  reduction 
in  ventilatory  function  during  exercise,  raising  the 
question  of  possible  synergism  among  other  pollu¬ 
tants  (119).  There  is  little  information  concerning 
the  responses  to  long-term  or  prolonged  exposure 
(>4  hours)  to  these  pollutants  at  various  concen¬ 
trations  during  exercise. 


Special  Populations 

Of  the  pollutants,  only  CO  has  been  directly  eval¬ 
uated  during  exercise  in  cardiovascularly  impaired 
individuals.  It  has  been  suggested  that  there  is 
a  relationship  between  CO  and  advanced  devel¬ 
opment  of  CHD  and  that  CO  in  the  presence 
of  significant  CHD  hastens  myocardial  infarction, 
angina  pectoris,  or  sudden  death.  In  a  study  of  10 
CHD  patients,  exposure  to  heavy  freeway  traffic  for 
90  min  increased  COHb  to  an  average  of  5.08%, 
causing  a  decrease  in  exercise  time  to  angina  on¬ 
set  and  significant  reductions  in  SBP  and  HR  at 
the  onset  of  angina  (120).  Ischemic  ST-segment 
depressions  were  noted  in  3  of  10  patients  while 
breathing  freeway  air,  in  contrast  to  no  abnormal¬ 
ities  during  freeway  driving  while  breathing  com¬ 
pressed,  purified  air.  In  two  studies,  each  involv¬ 
ing  10  patients  with  documented  angina,  exercise 
angina  onset  time  was  determined  while  breath¬ 
ing  50  ppm  of  CO  (COHb,  2.7%)  for  2  hours  or 
50  ppm  of  CO  (COHb,  2.9%)  and  100  ppm  of 
CO  (COHb,  4.5%)  for  4  hours  (121,122).  Dur¬ 
ing  both  studies  at  either  CO  concentration,  the 
average  exercise  times  to  onset  of  angina  were 
lower  than  the  values  while  breathing  compressed, 
purified  air.  Duration  of  angina  was  significantly 
prolonged  after  breathing  100  ppm  of  CO,  but 
not  after  breathing  50  ppm  of  CO  (121).  Gener¬ 
ally,  deeper  and  more  prolonged,  ST-segment  de¬ 
pressions  were  noted  after  breathing  CO  (121). 
Thus,  CHD  patients  are  at  significant  risk  dur¬ 
ing  exercise  at  low  levels  of  COHb  (2. 5-3.0%). 
Raven  concludes  that  “the  cardiac-impaired  exer¬ 
cising  patient  will  be  placed  at  increased  risk  of  in¬ 
curring  additional  coronary  events  if  ambient  levels 
of  CO  in  the  inspired  air  are  capable  of  causing 
a  rise  of  blood  COHb  levels  above  1.5  to  2  0%” 
(103). 

One  might  expect  that  individuals  with  cardio¬ 
vascular  or  pulmonary  disorders  would  be  at  risk 
during  exercise  while  exposed  to  oxidants  and  sul¬ 
fur  oxides  because  of  their  limited  cardiovascu¬ 
lar  or  pulmonary  reserve  capacities.  However,  pa¬ 
tients  with  documented  CHD  exposed  to  0.20  or 
0.30  ppm  of  Ojduring  40  min  of  treadmill  exercise 
were  no  more  susceptible  to  ozone  toxicity  than 
clinically  normal  persons  ( 1 23).  In  contrast,  persons 
performing  light  exercise  with  documented  chronic 
obstructive  pulmonary  disease  (COPD)  exposed  to 
0.24  ppm  of  O3  or  documented  asthma  at  0.16  ppm 


of  O3  demonstrated  significant  lung  dysfunction 
(124,125). 

Submaximal  exercise  performance  of  persons 
without  cardiovascular  disorders  does  not  appear 
to  be  compromised  within  the  limits  of  the  par¬ 
ticular  concentration  levels  evaluated  for  the  dif¬ 
ferent  air  pollutants.  At  near-maximal  or  maximal 
exercise,  performance  does  appear  limited  for  these 
same  people  when  exposed  to  the  same  pollutants. 
In  contrast,  individuals  with  impaired  cardiovas¬ 
cular  systems  are  at  even  greater  risk  during  sub- 
maximal  exercise  and  exposure  to  CO;  tissue  hy¬ 
poxia  and  myocardial  ischemia  may  result  from  the 
binding  of  CO  to  hemoglobin.  Evidence  is  lim¬ 
ited  concerning  the  adverse  effects  of  the  oxidants 
and  sulfur  oxides  on  the  cardiovascular  system  of 
these  compromised  individuals  during  exercise.  The 
oxidants  (O3,  NO2,  and  PAN)  and  sulfur  oxides, 
which  increase  airway  resistance  because  of  reflex 
bronchoconstriction,  place  individuals  with  lung 
and  respiratory  tract  disorders  such  as  COPD  and 
asthma  at  particular  risk  during  exercise.  Obviously, 
individuals  with  disorders  of  both  the  cardiovascu¬ 
lar  and  respiratory  systems  are  at  even  greater  risk 
during  exercise  when  exposed  to  these  pollutants. 

Most  studies  on  exercise  performance  and  air 
pollutants  involve  short-term  exposure  to  particu¬ 
lar  pollutant(s).  Little  is  known  about  long-term 
exposure  to  adverse  air  quality  and  the  impact 
on  exercise  performance.  For  many  air  pollutants 
(e.g.,  CO),  it  takes  8  to  12  hours  or  longer  to  reach 
an  equilibrium  state  between  the  inspired  concen¬ 
tration  and  the  level  within  the  body  (121).  Thus, 
the  cardiovascular  or  pulmonary  burden  should  be 
even  greater  during  exercise  after  prolonged  ex¬ 
posure  to  adverse  air  quality.  The  possible  syner¬ 
gism  between  various  pollutants  (in  terms  of  added 
cardiorespiratory  distress  for  acute  or  prolonged 
exposure)  has  not  been  evaluated  during  exercise 
and  may  further  tax  the  cardiac  or  pulmonary  re¬ 
serves.  Given  the  many  unanswered  questions  con¬ 
cerning  adverse  air  quality  and  those  specifically  at 
risk  during  exercise,  supervising  professionals  who 
prescribe/lead  exercise  programs  should  act  con¬ 
servatively  when  this  environmental  stress  is  con¬ 
sidered  (103). 

The  current  primary  U.S.  government  concen¬ 
tration  standards  for  these  common  atmospheric  air 
pollutants  are  9  ppm/8  h  and  35  ppm/1  h  of  CO  ex¬ 
posure;  0.12  ppm/1  h  of  O3  exposure;  0.05  ppm/ 
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1  year  ofN02  exposure;  0.14  ppm/24  h  of  SO2  ex¬ 
posure,  and  150  /xg/m3/24  h  of  particulate  matter 
exposure  (104).  Exercise  should  not  be  done  out¬ 
doors  by  those  with  cardiovascular  or  respiratory 
disorders  when  these  first-alert  levels  of  adverse  air 
quality  are  reported  (103).  As  a  general  precaution 
for  greatly  industrialized  or  densely  populated  ur¬ 
ban  areas,  exercise  prescriptions  for  impaired  indi¬ 
viduals  should  focus  on  indoor  exercise. 

Exposure  to  Various 
Interstressors _ 

Of  the  various  environmental  stressors  discussed  in 
this  chapter,  only  the  physiologic  responses  during 
exercise  to  the  combined  effects  of  environmental 
heat  and  adverse  air  quality,  the  combined  effects 
of  hypoxia  (high  altitude)  and  adverse  air  quality, 
and  the  combined  effects  of  environmental  cold  and 
high  altitude  have  been  reported.  The  combined 
effects  of  heat  stress  and  air  pollutants  (specifically 
CO,  O3,  PAN,  and  PANCO)  have  been  evaluated. 
Only  O3,  however,  has  been  systematically  studied 
at  a  variety  of  ambient  temperatures.  All  pollutants 
(except  for  one  series  of  experiments  in  which  max¬ 
imal  exercise  responses  to  CO,  PAN,  and  PANCO 
were  evaluated)  have  been  studied  at  only  low  ex¬ 
ercise  intensities  (35-40%  V02max)  >n  tl10  heat-  I  he 
combined  effects  of  high  altitude  and  CO  were  re¬ 
ported  in  cardiovascularly  impaired  individuals,  and 
the  combined  effects  of  O3O11  adult  hikers  at  Mt. 
Washington  were  studied.  Much  of  the  informa¬ 
tion  on  cold  temperatures  and  altitude  results  from 
the  prevalence  of  these  colder  temperatures  in  the 
high  mountains  rather  than  by  specific  experimental 
design  per  se.  Generally,  the  physiologic  responses 
during  exercise  to  cold  and  altitude  have  been  eval¬ 
uated  from  brief  exposures  to  the  extremes  for  these 
two  conditions.  To  date,  few  studies  have  assessed 
the  effects  of  any  of  these  interstressors  on  indi¬ 
viduals  with  specific  cardiovascular  or  respiratory 
disorders. 

ENVIRONMENTAL  HEAT,  HYPOXIA 
(HIGH  ALTITUDE),  AND  ADVERSE 
AIR  QUALITY 

Because  the  level  of  many  air  pollutants  is  high 
during  periods  of  air  stagnation  and  is  often  ac¬ 


companied  by  elevated  Ta,  individuals  with  an  im¬ 
paired  cardiovascular  or  respiratory  system  are  at 
even  greater  risk.  Submaximal  exercise  pel  formance 
(40%  V02max)  during  O3  exposure  (0.50  ppm) 
was  evaluated  at  different  environmental  condi¬ 
tions  (25°C,  45%  rh;  31°C,  85%  rh;  35°C,  40% 
rh;  and  40°C,  50%  rh).  There  was  a  trend  toward 
greater  impairment  in  pulmonary  function  during 
combined  exposure  to  O3  and  heat  stress  (111). 
Decrements  in  pulmonary  function  after  exposure 
to  ozone  and  heat  were  greatest  immediately  af¬ 
ter  exercise.  Reductions  in  vital  capacity  and  max¬ 
imal  voluntary  ventilation  were  significant  during 
the  most  extreme  heat  exposure  (40°C,  50%  rh); 
exercise  Vu  was  highest  at  this  Ta  (plus  ozone).  Be¬ 
cause  heat  and  O3  exposure  were  not  related  to  ad¬ 
ditional  reductions  in  any  flow  variables  compared 
with  O3  alone,  other  unknown  mechanism(s)  be¬ 
sides  bronchoconstriction  probably  are  related  to 
the  decrements  in  pulmonary  function  during  ex¬ 
posure  to  the  combined  stresses. 

Although  other  air  pollutants  (CO,  PAN,  and 
PANCO)  have  been  evaluated  during  exercise-heat 
stress,  the  environmental  conditions  were  limited 
to  30%  rh  at  25°C  and  35°C  (106,108,110,116) 
during  maximal  and  submaximal  (35%  V02m.™)  ex¬ 
ercise  intensities.  V02max  was  not  altered  during  ex¬ 
posure  to  CO,  PAN,  or  PANCO  at  35  C.  While 
breathing  filtered  air,  exposure  to  35  C  lowered 
V02ma  (~4%)  more  than  exposure  to  either  sin¬ 
gle  pollutant  or  the  two  in  combination  at  25  C. 
Although  no  significant  changes  in  physiologic  re¬ 
sponses  were  reported  while  breathing  CO,  PAN, 
or  PANCO  at  35°C  during  submaximal  exercise, 
subjective  complaints  were  greater,  particularly  for 
PAN  and  PANCO.  Drinkwater  et  al.  speculate  that 
the  combination  of  CO  and  heat  stress  is  important 
in  the  more  pronounced  respiratory  disturbances 
seen  at  this  elevated  temperature  (108). 

Because  these  two  environmental  stressors  (heat 
and  pollution)  pose  additional  risks  when  presented 
separately  to  the  exercising  individual  with  an  im¬ 
paired  cardiovascular  or  respiratory  system,  it  is  not 
surprising  that  the  risk  is  potentiated  when  they  are 
combined.  Information  available  suggests  that  in¬ 
dividuals  with  limited  cardiac  or  pulmonary  reserve 
capacities  are  at  greater  risk  during  combined  expo¬ 
sure  to  environmental  heat  plus  either  CO  or  O3. 
Because  evidence  is  limited,  it  is  premature  to  con¬ 
clude  that  other  pollutants  do  not  adversely  affect 
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exercise  performance  at  elevated  Ta,  particularly  in 
those  at  risk.  Therefore,  outdoor  physical  exercise 
should  not  be  prescribed  for  individuals  at  risk  when 
heat  stress  levels  necessitate  caution  for  healthy  in¬ 
dividuals  or  when  the  current  primary  federal  stan¬ 
dards  for  air  pollutants  are  exceeded  (103). 

Recently,  men  with  CHD  performed  exercise 
stress  tests  at  a  simulated  2.1-km  altitude  while  ex¬ 
posed  to  CO  (COHb  =  4.2%).  The  time  to  onset  of 
angina  was  reduced  by  18%,  and  there  was  greater 
susceptibility  to  ventricular  ectopy  than  at  sea  level 
(126,127).  Hikers  aged  18  to  64  years  climbed 
Mt.  Washington  while  exposed  to  low  levels  of  O3, 
fine  particulate  matter,  and  strong  aerosol  acidity 
(128).  Those  with  asthma  or  wheeze  had  signifi¬ 
cantly  greater  changes  in  pulmonary  dysfunction. 


ENVIRONMENTAL  COLD  AND 
HIGH  ALTITUDE 

As  one  ascends  mountainous  terrain,  both  Ta  and 
humidity  decrease,  with  corresponding  increases  in 
wind  velocity  and  solar  radiation.  Although  there 
is  considerable  variation,  Ta  decreases  ~1°C  for 
every  150  m  of  ascent  (129).  The  low  humidity 
seen  at  high  altitude  promotes  increased  heat  loss 
through  more  effective  evaporative  cooling.  Low 
humidity  combined  with  high  pulmonary  ventila¬ 
tion  can  markedly  increase  heat  loss,  with  serious 
performance  consequences  (130).  The  increased 
wind  velocity  decreases  the  effective  temperature  at 
the  skin  surface.  The  effects  of  this  wind-chill  factor 
are  of  particular  consequence  for  preventing  periph¬ 
eral  freezing  cold  injuries  due  to  cooling  of  exposed 
surface  areas.  Increased  wind  velocity  may  hamper 
locomotion,  elevate  VO2,  and  contribute  to  fatigue 
or  exhaustion  (129).  In  addition,  wind  penetration 
of  clothing  disturbs  the  trapped  dead  air  layer  and 
decreases  insulation.  Although  precautions  must  be 
taken  to  prevent  sunburn  damage,  solar  radiation 
provides  a  necessary  source  of  heat.  In  contrast  to 
hot  environments,  it  seems  important  to  wear  dark 
colors  at  altitude,  because  black  clothing  absorbs 
88%  of  the  solar  radiation,  khaki  57%,  and  white 
only  20%  (129). 

In  addition  to  selecting  dark  clothing  at  altitude, 
three  basic  principles  for  clothing  design  are  sug¬ 
gested  to  help  reduce  heat  loss  (130).  They  are 
(a)  trapping  air  within  clothing  and  using  its  in- 


sulative  properties  plus  that  of  the  fabric  to  reduce 
heat  loss,  ( b )  using  multiple-layered  clothing  that 
helps  to  maximize  the  use  of  the  entrapped  air  layer 
and  allows  removal  or  addition  of  clothing  layers 
as  needed,  and  ( c )  layering  heavier  and  less  perme¬ 
able  clothing  over  more  coarsely  woven  clothing  to 
reduce  dampness  and  heat  transfer.  The  clothing 
must  be  kept  as  dry  as  possible  because  wet  cloth¬ 
ing  (from  either  sweat  production  or  environmental 
moisture)  reduces  its  insulative  properties  and  re¬ 
sults  in  increased  heat  loss. 

The  interactive  effects  of  cold  and  hypoxic 
stresses  on  exercise  performance  are  not  well  under¬ 
stood,  principally  because  of  a  lack  of  experimental 
information.  Ward  suggests  a  number  of  factors  that 
may  decrease  exercise  performance  (129).  Cold 
and  hypoxic  stresses  combined  may  decrease  men¬ 
tal  function  and  could  alter  exercise  performance. 
Because  VOimax  is  reduced  at  altitude,  heat  produc¬ 
tion  during  exercise  is  limited  at  altitude  and  there¬ 
fore  is  associated  with  a  greater  risk  of  cold  injury. 
The  increased  Ve  at  altitude  increases  heat  and  wa¬ 
ter  loss,  both  of  which  are  an  obvious  disadvantage. 
Both  cold  and  hypoxic  stress  are  associated  with 
hemoconcentration  and  a  possible  additive  increase 
in  blood  viscosity,  leading  to  decreased  blood  flow. 
Severe  peripheral  vasoconstriction  (cold  stress)  and 
high  blood  viscosity  (enhanced  by  dehydration  at 
altitude)  can  lead  to  impaired  tissue  perfusion  and 
possible  tissue  necrosis.  Because  skin  blood  flow 
is  reduced  by  hypoxic  vasoconstriction  at  altitude 
in  thermoneutral  temperatures,  this  response  may 
magnify  the  reduction  during  cold  exposure.  Cold 
and  hypoxic  stresses  may  increase  lactic  acid  pro¬ 
duction  for  a  given  exercise  intensity,  possibly  com¬ 
plicating  exercise  performance.  Finally,  because  the 
combined  stress  can  produce  a  life-threatening  sit¬ 
uation  for  the  normal,  healthy  individual  during  ex¬ 
ercise,  the  added  risks  to  those  with  disorders  of  the 
cardiovascular  or  pulmonary  systems  are  obvious. 

HYDRATION  IN  HOT,  COLD,  AND 
HIGH-ALTITUDE  ENVIRONMENTS 

Hot  Environments 

Water  deficits  develop  because  of  fluid  nonavailabil¬ 
ity  or  a  mismatch  between  thirst  and  sweat  loss.  Hy¬ 
pohydration  increases  Tc  responses  during  exercise 
in  both  temperate  and  hot  climates  (16,131);  fluid 
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deficits  as  small  as  1%  of  body  weight  can  elevate  I , 
and  HR  during  exercise  (16,131,1  32).  i'he  Ic  rises 
0  1  to  0  23  C,  and  HR  increases  ~6  beats-min 
per  1%  body  weight  lost  ( 131 ,1 33,1 34).  As  the  wa¬ 
ter  deficit  increases,  there  is  a  concomitant  graded 
increase  in  physiologic  strain  during  exercise-heat 
stress  (131,133),  and  heat  tolerance  is  reduced 
(131).  When  exercise  is  expected  to  cause  fluid 
losses  >2%  body  weight,  target  HR  prescriptions 
should  be  modified.  Besides  elevating  Tc  and  HR 
responses,  hypohydration  negates  the  thermoreg¬ 
ulatory  advantages  conferred  by  high  aerobic  fit¬ 
ness  and  heat  acclimation  ( 1 35,136).  Because  thirst 
does  not  develop  until  modest  dehydration  (1-2%) 
is  present,  exercise  prescriptions  for  hot  climates 
should  include  recommendations  to  drink  early  and 
often  and  to  replace  fluids  at  a  rate  that  approxi¬ 
mates  sweat  loss  (137).  Intake  should  not  exceed 
1 .5  Lh"1  for  extended  durations  of  heavy  sweating 
(14,15). 

Cold  and  High-Altitude  Environments 

As  air  temperature  decreases,  saturation  vapor  pres¬ 
sure  also  declines.  Thus,  cold  air  has  less  water  con¬ 
tent  than  warmer  air,  even  if  the  relative  humid¬ 
ity  is  the  same.  Breathing  cold  air  may  inciease 
body  fluid  loss  during  exercise  because  more  res¬ 
piratory  water  is  required  to  humidify  the  inspired 
air  as  it  passes  into  the  lungs.  This  tact  becomes  es¬ 
pecially  important  during  exercise  when  Yh  is  in 
creased  and  at  altitude  during  both  rest  and  ex¬ 
ercise  (relative  to  sea  level),  since  hypohydration 
is  a  hallmark  of  successful  altitude  acclimatization 
(138).  Standard  calculations  (139)  show  that  respi¬ 
ratory  water  loss  can  be  ~50%  greater  during  exer¬ 
cise  (V02  =  3  L  rnin'1 )  when  breathing  cold  (0  C) 
rather  than  hot  (35°C)  air  of  similar  relative  humid¬ 
ity  (50%).  Although  short-term  respiratory  water 
losses  in  cold  environments  can  range  widely  (10- 
100  mL  h"1,  depending  on  VE),  these  losses  can 
add  considerably  to  total  fluid  requirements  it  ex 
trapolated  over  a  prolonged  outdoor  exposure.  In 
addition,  thirst  is  blunted  in  cold  weather  (140), 
and  fluid  may  be  voluntarily  restricted  to  avoid  the 
need  to  urinate  outdoors  in  freezing  temperatures. 

Because  sweating  rates  can  exceed  1  L  h  1  during 

work  m  cold  environments,  especially  when  heavy 
clothing  is  worn  (140),  dehydration  can  be  a  prob¬ 
lem  in  cold,  high-altitude  environments.  It  is  also 
suspected  that  peripheral  cold  injury  may  be  ex¬ 


acerbated  by  dehydration  (141),  possibly  through 
an  impaired  vasoconstrictor  response  to  cold  (142). 
Fxercise  prescriptions  for  cold,  high  altitude  en¬ 
vironments  must  also  consider  the  importance  of 
proper  fluid  replacement  strategies. 
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